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Infrared spectroscopy is used to study trapped and physisorbgthGidgle-walled carbon nanotube bundles
(SWNTSs) synthesized by the HiPco process..@Oentrapped within the SWNTs by acid oxidation of the
unpurified sample followed by vacuum heating to 700 K. The trapped I3 a single’; mode at 2327
cm%, is stable during temperature cycling from 77 to 700 K, and remains after venting to room air. CO
physisorption studies showia mode at 2330 cmi for the as-received HiPco samples, 2340 &rfor the
acid-oxidized sample, and 2327 and 2340 ¢érfor the oxidized sample after vacuum heating. The sites
responsible for the infrared peaks of the physisorbed and trapped species are discussed.

Introduction different synthetic procedures we are starting to recognize more
general properties of gas interactions with these materials that
will likely be of broader scientific interest.

In this paper, we employ descriptions commonly used in the
literature for the available adsorption sites on a nanotube
bundle>~7 These sites are (i) the space inside nanotubes of the
bundle (endohedral sites), (ii) the space between individual
nanotubes (interstitial sites), and (iii) the “groove” formed where
the curved outer surfaces of individual tubes meet on the most
external periphery of the bundle (groove sites). Clearly, the
possibility exists for other “sites” like those associated with the
three-stripe phase or other types of multilayer adsorgtidre

not expect to encounter these types of sites since they are
associated with higher coverages.

Previously, we have reported on how oxygen-containing
functionalities on acid-oxidized single-walled carbon nanotube
bundles (SWNTs) synthesized by laser ablation can generate
CO,, which becomes permanently trapped within the nanotube
bundle! This trapped C@is stable in a vacuum from 5 to 700
K, remains after venting to ambient conditions, and persists for
time scales of at least 2 months in samples studied under
vacuum! The entrapment of this COlikely involves the
rearrangement of functionalities at defect sites as they decom-
pose, which locks the generated £@to sites inside the
nanotubes themselves as well as the spaces between nanotub
in the bundle. Rearrangements of the bundle itself due to the
annealing effect of vacuum heating might also play a role.

Vacuum heating.i's a standard procgssing technique for Experimental Section
SWNTSs, so recognizing and understanding the trapped CO
occurring from this is an important step in using these materials Samples made by the HiPco process were obtained as
as sensors, gas storage materials, and separation membranedgnpurified solid material from Carbon Nanotechnologies In-
In fact, studying the confined GOn these materials could be ~ corporated and are reported to have average diameters of
fruitful for our general understanding of molecular behavior in @pproximately 1.1 nm with sample purities of SWNT carbon
low-dimensional systems. Techniques to separate bundles andhat are greater than 90 atomic percefitom thermogravimetric
manipulate individual nanotubes are rapidly being mastered, — analysis (TGA), we find that this material had.8 wt % (grams
so the controlled ability to trap different molecules in SWNTs Fe/grams of sample) of residual Fe catalyst, which is in

with their eventual release could possibly be exploited as a agreement with earlier repoftdhe unpurified HiPco nanotubes
nanometer-scale storage and delivery system. were later dispersed in toluene so thin films could be made for

In this work, we report infrared spectroscopic studies of IR analysis. _ _
SWNTSs prepared by the HiPco process before and after acid Acid-oxidized HiPco samples were prepared by refluxing the
oxidation. We find that acid-oxidized HiPco samples are capable Unpurified materialm 3 M HNOs for 8 h, the sample was then
of generating permanently trapped §@®uch like oxidized allowed to sit unheated in this solution overnight, and an
SWNTSs prepared by laser ablatiband the behavior of trapped additiona 8 h r_eflux was pe_rformeq the next day. The refIL_lxed
and physiorbed C@in these materials displays many similari- s_ample was filtered and rlns_ed with Ultrapure water until the
ties. This work shows that the entrapment of Qfdiring the rinse was pH .neLlltraI. The still damp sample was Q|sperse.d in
vacuum heating of acid-oxidized SWNTs seems to be a general@cetone so thin films could be made for IR analysis. We find
process that is not limited to tubes of a particular size that if the samples are allowed to dry before dispersing in
distribution, synthetic procedure, type of residual metal catalyst, @etone, a “Bucky Paper” is formed, which is difficult to
or solvent used to cast the thin films for IR analysis. Further- "edisperse in solvent. TGA analysis shows that the residual Fe

more, by studying gas adsorption in SWNTs prepared by content of the acid-refluxed nanotubes has been reduce8 to
wt %.

* Corresponding author. Phone: 412-386-4114. Fax: 412-386-5920. Infrared studies were taken in the transmission geometry with
E-mail: matranga@netl.doe.gov. the samples housed in a stainless steel vacuum chamber
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Figure 2. IR data for the trapped COspecies. (a) Bandwidth and
intensity variations of the trapped mode with measurement temper-
Figure 1. IR spectra of the oxygen-containing functionality region. ature. Data are intentionally offset on thiexis for clarity. The inset

(a) As-received HiPco sample measured at 77 K after degassing at 373shows the spectrum at 77 K fitted to a simple Lorentzian line shape,
K (top spectrum) and at 77 K after heating to 700 K (bottom spectrum). yielding a resonance frequency of 2327 ¢nand a fwhm of 8 cm®.
Data are intentionally offset on thg axis for clarity. Only minor (b) Integrated intensity for the data in (a) determined numerically. The
changes are created in the carbonyl bands by heating to 700 K. (b)solid line is meant as a guide to the eye.

Acid-refluxed HiPco nanotubes during vacuum heating. The temperature

listed in the legend for each spectrum in (b) is the temperature of the c_ pands also increase in intensity. The increased integrated
sample when the measurement was conducted. intensity of all these bands cannot be accounted for by the
relative changes in film thickness occurring for different
experimental runs and must be related to a higher density of
functionalities in the acid-refluxed samples.

Vacuum heating of the refluxed sample creates an intensity
increase in the high-energy shoulder1850 cntl) of the
carbonyl band with an associated intensity decrease with the
) . larger 1770 cm?! peak. The higher energy bands associated with
observe C.@ entrapment and physisorption. ngples WEre c—C functionalities decrease in intensity, and a single band
deggssed in the vacuum ghamber at 373 K2t prior to use. evolves at~1580 cnt?, which is close in energy to what is
Pfe"m'”ary quk comparing degassgd samples to ones usedtypically associated with the IR active phonon in various
without degassing indicates that no differences exist. Since thegraphitic carbong: 13 Heating to 700 K causes the-© bands
plane parallel window has a negligibly low surface area to form a single band at1230 cnrL.
compared to the SWNT sample, we see no artifacts from CO

d . he window duri hvsi . di dth There are some differences in the results from vacuum heating
adsorption on the window during p ysisorption studies, and the ¢ 1 4cid-refluxed HiPco samples and acid-oxidized SWNTs
background subtraction is therefore very complete.

made by laser ablation. In particular, heating of the acid-refluxed
HiPco sample does not result in the drastic decomposition and
frequency shifting of carbonyl functionalities seen in the SWNTs
Oxygen Functionalities and Vacuum HeatingThe changes  prepared by ablatioh!?1415Even the initial vacuum heating
of oxygen-containing functionalities are shown by the IR spectra of the HiPco samples before acid treatment (Figure 1a) did not
in Figure 1. The as-received HiPco samples (Figure 1a) show create significant changes in the IR spectra. This result hints at
carbonyl peaks+1710-1780 cntt), C=C vibrations (1550 the relative stability of the oxygen-containing functionalities on
1600 cnm?), and C-O bands £1180-1250 cnt?l). Vacuum the HiPco samples in the same temperature range where
heating of the sample to 700 K does not create any significant functionalities on the SWNTs made by ablation show significant
changes in the IR spectra in this region, suggesting that the decompositior};12:14.15
moderate degree of functionality seen is a stable modification Trapped CO,. The refluxed HiPco sample was heated to

Infrared Energy (cm™)

described previouslyInfrared samples were thin films prepared
by dispersing the sample directly on a plane parallel LaF
window (Janos Technology) and evaporating the solvent in a
120°C oven for~5 min! The thickness of the film was adjusted
to give a nonresonant background absorption~df0 OD at
2300 cnt!, which gave enough sample thickness for us to

Results and Discussion

to defect sites in the nanotube structure. 700 K in a manner analogous to that used to generate trapped
Acid refluxing of the sample (Figure 1b) drastically increases CO, in oxidized nanotubes made from laser ablafidn.the
the intensity of the carbonyl bands with a strong peakBI 70 present case, evidence for a trappec.6cies is again clearly

cmt and a weaker shoulder at1850 cnt!. The C=C and seen in the IR spectfeAt 77 K (Figure 2a) the IR spectrum is



well described by a Lorentzian line shape centerec-2827 L
cm~1with a fwhm of ~8 cn?, suggesting that Cgs trapped a) I
. . . . N 0.0002 Abs
in a single type of environment. This differs somewhat from

300 K (Vacuum)

the laser-ablated nanotubes that gave peak2880 and 2340
cm™1, which were tentatively assigned to g@apped in
endohedral and interstitial sites, respective@n the basis of

the single trapped peak a2327 cnt?, previous worki16 and

CO, physisorption studies on these samples (see below), we
argue that the peak at 2327 chiis likely the result of N A R R R
endohedrally trapped COwith the interstitial spaces being 2380 2360 2340 2320 2300 2280 2260
unoccupied. The closer packing of the bundle caused by the Infrared Energy (cm’)

smaller tube diameters in the HiPco samples should make the T T T T T T T T T T T T T
interstitial sites smaller and therefore less accessible.

Figure 2 shows the behavior for the mode of the trapped
CO;, as a function of temperature. As the sample is heated, the =
vz band decreases in intensity and broadens. Above 500 K, the g
trapped species becomes difficult to detect. As the sample isT—;
subsequently cycled from 77 to 500 K, the intensity variations §,
seen in Figure 2 are reproducible for each given temperature. ®
Regeneration of the original spectrum on cooling demonstrates §
that none of the trapped gas is lost. The broadening and intensityﬁ
loss seen in Figure 2 is nearly the same as what was observed®
for the laser-ablated nanotubeNo new CQ is introduced into
the chamber, so these variations result from a physical process
involving the trapped C@and not from the loss and regenera- ‘
tion of the trapped species. Figure 2b shows that the integrated 1800 1600 1400 1200 1000 800 600 400
intensity decreases by a factor of 3 during heating from 77 to Raman Shift (cm™)
500 K. If changes in the dynamic dipole momemau/pQ;), are Figure 3. Vibrational spectra of the HiPco samples. (a) IR spectra of

responsible for these intensity variations, this indicatega  the trapped C@species before and after venting to room air. Tge
decrease forju/dQ,) of the v; model7”.18 band remains, |nd|ca_1t|ng that _the trapped QPecies is not released
. ) . L . by exposure to ambient conditions. (b) Raman spectra of the (1) as-
The integrated intensity of they band at 77 Kin Figure 2is  yeceived HiPco, (2) acid-oxidized HiPco, and (3) acid-oxidized and
almost a factor of 10 smaller than previously observed for laser- vacuum-heated HiPco sample. Raman spectra were collected with a
ablated nanotubésThis difference cannot easily be accounted 532 nm excitation of the thin film samples used in the IR experiments
for by simple variations in sample-to-sample film thickness and With 1 and 2 being collected before the samples were introduced into
suggests that the density of trapped L0 oxidized HiPco the vacuum system for IR studies and 3 bei_ng collected from thg same
nanotubes is lower. This lower density is likely related to the sample displayed in (a) after vacuum heating followed by venting to
s ) ’ " . room air. The inset shows an enlargement of the spectral region where
relatively minor decomposition seen for the oxygen function- the RBMs occur.

alities in Figure 1b, which in turn would generate less, G

entrapment. sp? network of the nanotube sidewalls by functionalities that

Venting of the sample to room air at 300 K creates no are partially removed by the later vacuum heating step. Also
significant changes in the IR spectrum of the oxygen function- noted is the structure in the G bandsl400-1650 cnt?) that
alities and does not cause the release of the trapped@ies occurs from the tangential modes of nanotubes with differing
(Figure 3a). Raman analysis of the as-received, acid-refluxedchirality. This G band structure undergoes broadening and
(before vacuum heating), and acid-refluxed (after vacuum shifting during the acid-refluxing and vacuum-heating steps but
heating and venting) samples are displayed in Figure 3b. Acid is always present, indicating the structure of the SWNTs has
refluxing causes changes in the relative intensities of the radial not been completely disrupted.

breathing modes (RBMS), particularly of the modes at 270, 188, Physisorption of Gas Phase C@ The physisorption of gas
and 172 cm®. Vacuum heating of the refluxed sample does phase C@before and after various processing steps was used
not return the relative intensity of the RBMs to their initial to gain an understanding of how adsorption sites Change with
values. The Raman changes for the RBMs suggest that thepxijdation and heating steps. The results show that chemical
oxidative refluxing process is shifting the diameter distribution  fynctionalization blocks access to certain adsorption sites, and
toward larger values, as suggested for other oxidative pro- previous work interpreted this effect to be a result of blocked
cedures? 2! We urge caution with this interpretation since one access to interior sites on the bun#ié>27 Figure 4a shows
might expect the extensive functionalization on these samples|R spectra of C@physisorbed on the as-received HiPco sample.
to change relative Raman cross sections through perturbationa peak is seen at2330 cnt?, which grows in intensity with
of the electronic density of states. The samples of Figure 3b increasing pressure. This peak is similar in frequency to what
are only probed with a 532 nm source to illustrate the relative has been observed for physisorb&tand trappetispecies in
intactness of the SWNTSs, and a more complete UV/Vis/NIR, previous work, where it was assigned to gendohedral sites.
Raman, or TEM analyst$?24 would be necessary to be Thjs IR peak is also close in energy to the 2327 &meak
definitive about shifting diameter distributions. observed for the trapped species in Figure 2a. Most of the
Associated with the changes in the RBMs are increases inintensity for the IR spectra at the highest £@ressure of
the relative intensity of the D band near 1330 énafter 0.00038 mTorr comes from a peak at 2329 ¢énbut about a
refluxing with a subsequent decrease after vacuum heating.fourth of the integrated intensity can be accounted for by a
These changes are easily explained by defects created in thesecond peak at 2337 crth This suggests that other adsorption

Absorbance
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b) Figure 5. Spectra illustrating how the IR peaks for the physisorbed
0.00075 mTorr T CQO; on the refluxed/heated SWNTs (solid dots) can be constructed
& | 0.00050 mTorr 0.0005 Abs from spectra for trapped GQblack line) and from those for GO
s 38032"' mTorr : physisorbed on the refluxed sample before heating (blue line). The two-
5 2 component spectra were multiplied by an arbitrary scaling factor and
é then added to form the convolution of these spectra (red line).
The result of one primary peak at 2330 chin the IR spectra
of Figure 4a suggests that G@Physisorbs in endohedral sites
P i 1 | Bt 1 i P A g gg y
2380 2370 2360 2350 2340 2330 2320 2310 2300 in the as-rece_ived HiPco sample. E_nd(_)_hedral adsorption requir_es
Infrared Energy (cm™) nanotubes with open ends or a significant amount of holes in
the side wall. A previous micropore study has found evidence
9 o that as-received HiPco nanotubes are fairly open for endohedral
adsorptiort’ Our results seem to agree with this finding.
® 0.00088 mTorr 0.001 Abs Figure 4b shows IR spectra of GPhysisorption on the acid-
g || ooozemror refluxed HiPco sample. The oxygen functionalities introduced
-.E; 0.00010 mTorr by the refluxing process should decorate side wall defects and
& | | 0.000095mTorr the open ends of the nanotubes and thus hinder access to
- NO CO, . L
endohedral and interstitial sites on the bundles. The IR spectra
in Figure 4b show one single peak 2340 cnt?, which is
. ‘ . . ‘ . ; very similar in frequency to previous IR spectra reported for

both physisorbed and trapped €10 the acid-oxidized SWNTs

2380 2370

2360 2350 2340 2330 2320 2310 2300 : . N
Infrared Energy (cm™) made by ablatiof.In the previous work, we have assigned the
peak near 2340 cm on the functionalized samples to groove
0,028 ] 0.07 _ site adsorption.
—.E ooz L @ . 4 ooe E’ _Figure 4c shows the physisorption of ga@h the acid-refluxe_d
2 \ 3 HiPco sample after heating to 700 K. The trapped species at
< o024 | L>2339 om”peak 4005 § 2327 cmil is apparent before gas phase A8®introduced to
.g ° — 0.04 Er the cell. The addition of C&causes an increase in the integrated
g 0021 C— o oo & intensity of the band at 2339 crhas well as the peak at 2327
= o002 | ~ cm~L. Deconvolution of the bands wita 2 Lorentzian line shape
£ <_I 2327 cm™ peak 102 @ (Figure 4d) shows a20% intensity increase of the 2327 thn
g oer + 001 3, peak before saturation ancd~80% increase in the 2339 crh
Toeote bt b v g T peak. The slight intensity growth for the 2327 thpeak

5 suggests that the vacuum heating reopens the oxidized tubes,
allowing gas phase C{access to a portion of the endohedral

1 2 3
Pressure X 10" (Torr)

Figure 4. IR data for physisorbed Cat 77 K. (a) Results for the

4 ] _ sites associated with creating this IR pédk.
as-received H|Pc<_) nanotubes. The solid dots for_thf;- 0.00038 mTorr One key finding from the current work is there is no strong
spectra are experimental data points, and the solid line through these

points 5 a 2 Lorentzian fit (see text). The other spectra in (a) are evidence forl interstitial 'grappmg or physsorpuqn as previously

represented by solid lines. Pressures indicated are static pressures of€€nN for various gases in other studi€s.>® We find the 2340

CO; in the cell when the measurement was taken. (b) IR spectra for cm 1 peak from physisorbed GOon the oxidized HiPco

physisorbed C@on the acid-refluxed HiPco nanotubes. (c) IR forLO  samples, yet heating does not create the trapped species near

_ph_ysisor_ption on the refluxed and vacuum-heated HiPco_ samples. Therethis frequency previously associated with interstitial trapging,

Itf) '{‘;gn\/s;té’uz‘:nmcgggqpbee‘: C(%?;?ézgt]g dgﬁmstee]';ﬁ/eo?ﬁénggggr?\?glute 4 Suggesting these sites are less accessible in the HiPco bundles.

bands at 2339 and 2327 chusing the data from (c). The differept This mak(_es It _d|ff|cult to atFrlbute_t_he growth of t_he 2_340?:111

axis scales for the two data sets in (d) were used to illustrate saturationShoulder in Figure 4c to interstitial physisorption in bundles

of the integrated intensity with increasing €fressure. partially opened by vacuum heating, as suggested previéusly.
To illustrate this concept, we convolute spectra for the trapped
CO; species (presumably endohedralf£L&nd physisorbed CO

sites are accessed at higher coverages with their IR peaks beingpecies on the acid-refluxed sample (presumably groove site

convoluted with the main peak near 2330 dnsee discussion  CO) and compare them with spectra for physisorbed, 60

below). the refluxed/heated HiPco sample (Figure 5). The IR spectrum



for the refluxed/heated sample is well represented by this simplein HiPco SWNTSs and its previous observation in other SWNTs

simulation, suggesting that the 2340 chspecies in Figure 4c  show that the entrapment of G@uring the vacuum heating of

is indeed the result of the same species we see in Figure 4bfunctionalized nanotubes is a more general process not limited

Although having similar frequencies, the 2340drbands seen  to samples of particular size distribution, impurity content, or

with CO, physisorption on oxidized SWNTs before and after synthetic origin. The entrapped species in the HiPco sample is

vacuum heating in previous wdrkhave very different mor- believed to be locked in endohedral sites, with interstitial sites

phologies and bandwidths, much unlike what we see in Figure being unoccupied. Physisorption studies also suggest that

5a. We feel this suggests that interstitial sites of the laser-ablatedinterstitial sites in HiPco samples are not accessible tg. CO

nanotubes are accessed and those of the HiPco nanotubes are
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